The identification and classification of plastics plays an important role in waste management and recycling processes. Present electrical and optical sorting techniques lack the required resolution for accurate identification in a high throughput manner for a diverse set of plastics commonly found in municipal waste. In this work a multispectral infrared spectroscopic technique is employed to construct a unique fingerprint library of 12 plastic resin groups that are commonly encountered in municipal waste. We test the proposed method in a blind plastic identification experiment, which shows excellent unbiased identification accuracy. This simple optical technique in combination with the multi-spectral library will enable high throughput and accurate detection of various plastics from recovered solid waste.
INTRODUCTION
Waste management for recycling is one of the most important needed tasks in order to save the world from the immense quantity of solid waste being disposed every day [1] . In 2012, approximately 251 million tons of solid waste was generated in the USA alone, where 13% of it was different kinds of plastics. However, out of the 87 million tons of recovered solid waste only a total of 3% corresponded to plastics, and the remaining was damped into landfills, making plastic one of the major environmental pollutants [2] . Hence, a large-scale effort is still needed in order to increase the plastic recycling outcome. In the polymer recycling industry, resin identification is the most important step in order to guarantee the economical worthiness of the process since cross contamination of incompatible resins can degrade the quality of the entire recycled batch. Moreover, this task becomes extremely challenging due to the large diversity of plastics present in the recovered plastic stocks from municipal waste, which mandates accurate classification before entering the recycling chain [3, 4] . To identify and sort different families of plastics, techniques such as triboeletrostatic separation based on the electrostatic charge of a known plastic mixture [5] [6] [7] , magnetic density [8, 9] , air flotation [10] , automated image analysis systems to discriminate plastic bottles of a specific plastic resin [11] , and some combination of these [12, 13] have been developed. These methods use prior knowledge of the material's physical properties for external stimulus-based detection. Likewise, all of these methods work well in a known material stock but fail in a realistic scenario of blind identification of an unknown combination of plastics.
In order to tackle this crucial step in the recycling chain, accurate identification of plastics based on chemical composition is very important, as pointed out earlier. For this purpose various methods such as Fourier transform infrared (FTIR) spectroscopy [14, 15] , Raman spectroscopy [16] , direct chemical element identification based on laser-induced breakdown spectroscopy [17, 18] , and hyperspectral imaging methods [8, 19, 20] have been studied. These methods have proven to be reliable in identifying unique molecular vibrational fingerprints in polymer compounds [21] , especially near-infrared (NIR) FTIR spectroscopy for its robustness and flexibility. FTIR spectroscopy techniques vary between different configurations such as transmission, absorption, or reflection, which is restricted by the application needs or the sample preparation method, but the underlying physics involved in the detection remain the same. In fact, by measuring reflectance spectra one can straightforwardly estimate the absorption coefficients by performing the Kramers-Kronig transformation [21] [22] [23] . The spectral domain is dictated by the dominant vibrational modes present in those spectral bands. However, unique identification is challenging due to the weaker spectral features that are further overlapped in frequency among various plastics due to similar vibrational mode overtones generated by the main functional groups. Vibrational mode overtones of the functional groups, mainly XH, XH 2 , and XH 3 (X C, N, O, etc.), tend to be weaker in the NIR, but their fundamental modes are stronger in the mid-infrared (MIR) domain. In addition, some resonances are only present in the MIR domain for some polymers, rendering the NIR domain useless.
In this work a multi-spectral detection technique that covers both the NIR (1.5-2.0 μm) and the MIR (3-12 μm) spectral domains is developed to capture unique vibrational overtones of commonly used as well as specialized plastics. Several multispectral reflectance features are statistically identified to create a unique combination of spectral features (unique spectral fingerprint). Apart from spectral features, an additional degree of freedom is added by distinguishing them by either valleys (v) or peaks (p) associated with their vibrational resonance modes. The reported multi-spectral and multi-dimensional fingerprint library can be used to identify almost all widely used plastic resin groups with almost 100% accuracy for the first time, to the best of our knowledge.
MATERIALS AND METHODS
A broad spectrum of plastics was collected in order to cover the diversified plastic items widely encountered in the municipal waste: 12 plastic resins were chosen and divided in two groups. The most common plastics are generated mainly from household and end consumer products and are grouped into group 1, labeled by the society of the plastic industry with a resin identification code (RIC). This group includes PET, HDPE, PVC, LDPE, PP, PS, and PC. In the collected samples PS is found in two phases, foam (PS-f ) and solid (PS-s), which showed clear distinction in the reflectance spectra. Another group of plastics are those that are encountered in more specialized applications but also contribute to the overall plastic waste and are grouped into group 2. These plastics are acrylic, nylon, POM (Acetal), ABS, and PTFE. Table 1 lists all of these plastics, their associated commercial acronyms, their RIC, and their common end use application examples. While most plastics were collected using the RIC, others were directly purchased to guarantee the identity of the plastic resin. From each object a small sample was trimmed (to fit in the spectrometer sample holder) and cleaned to remove residues. They were labeled and sorted as per their plastic resin constituent.
The reflectance spectra were acquired using a microscopecoupled FTIR spectrometer (Hyperion 1000-Vertex 80, Bruker Optics, Inc.). The NIR reflectance spectra were measured using a tungsten filament source in combination with calcium fluoride beam splitter. The MIR reflectance spectra were measured with a glow bar thermal source paired with a potassium bromide beam splitter. In both configurations a nitrogen cooled mercury cadmium telluride (MCT) detector and a 0.4 NA Cassegrain objective lens were used. The background reference was taken with respect to a gold mirror. The spectrometer spectral resolution was 4 cm −1 , and the reflectance spectra were averaged 128 times. Such spectrometer resolution maps to wavelength resolution (Δλ λ 2 Δν, where λ is the wavelength of interest, Δν is the spectrometer resolution in wavenumbers, and Δλ is the corresponding resolution in wavelength) of 0.04 nm at 1 μm, 10 nm at 5 μm, and 40 nm at 10 μm, which are enough to resolve such broad vibrational resonances.
The reflectance of all plastic samples was collected to identify the dominant spectral features in both the NIR and MIR domains. An example of the spectral feature selection process is shown in Fig. 1 , which depicts the reflectance spectra for a PET film in the NIR ( Fig. 1(a) ) and the MIR (Fig. 1(b) ) domains, indicating the selected dominant spectral features. Two measurements per sample were taken. The spectral library containing mean spectral feature values of peaks and valleys 
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(λ p;v ) with its standard deviation (σ) of all plastics resin families is constructed. Finally, this library is used for database search for the blind detection of unknown plastic samples.
RESULTS

A. Near Infrared
The reflectance spectra were measured for both group 1 and group 2 in the NIR domain. Representative spectra for group 1 (NIR active) are shown in Fig. 2 (a) (see Figs. 8-15 for more details). The spectral features are determined by the local minima (valleys) in the reflectance spectra that are tabulated in Table 2 . Moreover, the addition of colorants to the base plastic matrix further complicates the detection process. The colorant present in the plastic resin matrix influences, to some extent, the NIR spectra, especially black. In Fig. 3 (a) four representative spectra of HDPE for black, clear, white, and yellow samples are plotted (actual samples are shown in the inset). In Fig. 3 Other factors that influence the quality of the samples include the surface roughness. From all samples characterized, those having considerable surface roughness displayed very weak reflectance with very shallow resonances almost buried into the noise level. Furthermore, the sample morphology such as PS in solid and foam phases affects the NIR spectra. While solid PS samples (marked as -s) display a distinctive set of spectral features, PS in foam phase (marked as -f ) does not show any whatsoever; see Fig. 3(c) .
From this analysis we can observe that the NIR spectroscopy alone is not sufficient for the detection of the complete set of commonly used and specialized plastics with or without color additives.
B. Mid-Infrared
The same spectroscopic measurements are performed for both groups in the MIR spectral band. Representative reflectance spectra for groups 1 and 2 are plotted in Figs. 4(a) and 4(b), respectively (see Figs. 8-20 for more details). We can observe multiple spectral features in the MIR domain for plastics in group 2, which are NIR inactive. Plastics in group 1 also demonstrate distinct spectral features in the MIR domain (c) [ Fig. 4(a) ] that can complement their NIR spectral signatures Fig. [2(a) ].
In the NIR domain the two phases of PS (solid and foam) could not be characterized because solid phase PS samples have spectral features but not their foam phase counterparts. However, in the MIR domain both PS phases could be fully characterized but not at the exact resonance features as seen Fig. 5 . The spectral features fo8r PS in foam are redshifted compared to PS in solid phase.
In addition, color does not show significant influence in the reflectance spectra; even black samples can be fully characterized in the MIR domain contrary to the NIR domain. For example, in Fig. 6(a) , four spectra of colored samples of HDPE are plotted (actual samples are shown in the inset). In that graph we can observe no difference in the spectra for clear, yellow, white, and black colored samples. The relative changes in spectral amplitude originate from the sample surface morphology. The same can be observed in Fig. 6(c) for black, red, and blue colors of solid PS samples (actual samples are shown in the inset). In Fig. 6(b) , yellow, clear, blue, and red colored samples of LDPE are plotted (actual samples are shown in the inset), having the same color independency spectra. Finally, acrylic samples that had two different NIR spectra, one for colored samples (NIR inactive) and one for a clear sample (see Fig. 3(d) ), are spectrally the same in the MIR domain as seen in Fig. 6(d) (actual samples are shown in the inset).
From the full collection of plastics characterized, each plastic resin family had its own set of reflectance features. Due to the diversity in morphology, surface roughness, and thickness among a specific resin family, not all spectra displayed the same spectral features, because of either low reflectance (resonances into the noise level) or no resonances present (resonances associated with specific sample constituent such as fillers). Nevertheless, a set of unique spectral features is present in each plastic resin group. From those features, selected as specified in Engineering and Laboratory Note Table 2 for both the NIR and MIR domains. At least one pair of spectral lines is unique among the 12 sets of plastics that can be used to identify an unknown plastic based on this multi-spectral spectroscopy method. In addition, due to the lack of NIR spectral features for most plastics, it is not practical to incorporate this domain in an actual detection system since the MIR is proved to be sufficient to differentiate any of the 12 plastic resins characterized herein. One limitation encountered in this method is that HDPE and LDPE cannot be differentiated since their MIR and NIR spectral features are practically the same. In the next section a blind identification of randomly selected samples from the characterized plastic batch and different plastic objects was carried out to test the validity of the method. Notice that objects matching HDPE or LDPE are identified by polyethylene (PE).
C. Blind Detection
We performed two sets of blind detection experiments of unknown plastics. The first experiment intends to validate the multi-spectral library to identify plastic resins used to construct it. From the collected set of characterized plastics 12 samples were picked up randomly. They were cut and subject to no surface treatment, such as cleaning. The reflectance spectra were recorded for each sample, and their MIR spectral features were compared to the library. A successful identification is achieved when the spectral features match with all the multispectral library lines of a specific resin within the range of the corresponding standard deviation. All samples were successfully identified. Figure 7(a) shows the selected plastic samples and the identified resin. The second experiment aimed to validate the multi-spectral library to identify unknown plastic objects. In total 25 objects were tested; see Fig. 7(b) . We recorded the reflectance spectra and compared them to the MIR spectral features in the library. From the collection 22/25 objects were identified based on the spectral library with high confidence: spectral features falling within the acceptable standard deviation range. Due to the lack of HDPE and LDPE spectral distinction we use PE to refer to any of its two variations. Two objects, corresponding to the USB key and the salsa cup, were identified as acrylic and PS, respectively, but with low confidence since only half of the spectral features of the sample matched. One object, the power cord, was not identified because its spectral features did not match to the fingerprint of any resin in the library. The power cord is primary made of PVC according to the manufacturer's specifications; however, the presence of fillers in the polymer matrix can modify the spectral response and provided null identification due to the absence of filler material information in the present test library. A modified library that also includes the information various commercial filler materials have in the polymer matrix is needed for such composite plastic identification. 
a Peaks and valleys are separated for ease of comparison.
CONCLUSIONS
Twelve plastic resin groups, which are commonly encountered in municipal waste worldwide, are characterized with FTIR reflectance spectroscopy. Based on the NIR and MIR reflectance we statistically identified the unique spectral features to construct a multi-spectral library covering the IR activity of the characterized plastic resins. Plastics in group 1 are NIR active, but not those in group 2. Furthermore, in the NIR domain there is considerable variation in the reflectance spectra among individuals of the same resin but different colors and morphology, such as the solid and foam phase of PS, the difference in spectra of colored versus clear acrylic, or the lack of spectral features in black samples. Hence the NIR domain, by itself, renders useless for blind identification of samples of the whole resin collection. In the MIR, all plastic resins can be fully characterized including the NIR inactive, those with color, or those that are morphology dependent. The selected spectral features based on peaks and valleys in the reflection spectra add an extra degree of freedom to the identification process. For practical reasons the MIR domain (from 3-12 μm) is enough to identify the whole set of resins as proved in the two blind identification experiments. The only limitation encountered is that LDPE and HDPE cannot be differentiated since their spectral features are the same in both the NIR and MIR domains. Engineering and Laboratory Note APPENDIX A: Fig. 9 . Reflectance spectra of all high density polyethylene (HDPE) samples characterized in the (a) NIR and (b) MIR spectral domains. The arrows represent the selected spectral line, peaks and valleys, used to construct the spectral fingerprint library (Table 2) . Fig. 11 . Reflectance spectra of all low density polyethylene (LDPE) samples characterized in the (a) NIR and (b) MIR spectral domains. The arrows represent the selected spectral line, peaks and valleys, used to construct the spectral fingerprint library (Table 2) . Fig. 15 . Reflectance spectra of all polycarbonate (PC) samples characterized in the (a) NIR and (b) MIR spectral domains. The arrows represent the selected spectral line, peaks and valleys, used to construct the spectral fingerprint library (Table 2) .
Engineering and Laboratory Note Fig. 17 . Reflectance spectra of all nylon samples characterized in the (a) NIR and (b) MIR spectral domains. The arrows represent the selected spectral line, peaks and valleys, used to construct the spectral fingerprint library (Table 2) . Fig. 18 . Reflectance spectra of all polyoxymethylene (POM) (Acetal) samples characterized in the (a) NIR and (b) MIR spectral domains. The arrows represent the selected spectral line, peaks and valleys, used to construct the spectral fingerprint library (Table 2) . Fig. 20 . Reflectance spectra of all polytetrafluoroethylene (PTFE) samples characterized in the (a) NIR and (b) MIR spectral domains. The arrows represent the selected spectral line, peaks and valleys, used to construct the spectral fingerprint library (Table 2 ).
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